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The  evolution  of  the  electrical  discharges  parameters  during  spark  anodization  of metallic  Zr  under  gal-
vanostatic  regime  have  been  investigated  by  image  analysis  in phosphoric  and  oxalic  acid  electrolytes.
The  experiments  were  recorder  using  a high-speed  video  camera  during  the  entire  anodization  with a
resolution  of 1.7  ms  for  determination  of discharge  lifetime  and a standard  resolution  of 33  ms (real-time
imaging)  for  determination  of the  average  area  and  discharge  population  density.  The  discharge  behavior
was  dependent  of  the  current  density,  electrolyte  composition  and  anodization  time.  During  breakdown
process,  sparks  discharges  are  progressively  turned  to  micro-arcs,  which  can  be seen  by enlargement
of  discharge  area,  gradual  increase  of lifetime  and  reduction  of discharge  population  density.  A factorial
design  was  used  to estimate  the effects  of  experimental  conditions  on  the  discharge  behavior.  The current
density  and  electrolyte  composition  were  the most  important  factors  that  affected  the  discharge  popula-
tion  density.  The  anodization  time  and the  electrolyte  composition  were  the  main  factor  that  inﬂuenced
the  discharge  area  and  lifetime.  In comparison  with the  voltage  vs.  time  curve,  the  results  demonstrate
important  features  of the  process  and  the  changes  of the  electrical  discharges  characteristics  during  the
experiments.
©  2014  Elsevier  Ltd. All  rights  reserved.
1. Introduction
The anodization under high electric ﬁeld is known, in the lit-
erature, as Spark Anodizing, Plasma Electrolytic Oxidation (PEO)
and Micro Arc Oxidation (MAO). This method is normally used
for production of coatings in valve metals, such as Zr, Ti, Al and
Ta, due to the formation of a thick oxide layer, rigidly adhered to
the metal substrate, promoting corrosion resistance, thermal and
wear protection [1–4]. This process is characterized by a series of
simultaneous events such as voltage oscillations, oxygen evolution,
local oxide crystallization and internal stress [5]. Besides, the for-
mation of pores can occur if the electrolyte is oxide-dissolving [5].
The presence of a large number of short-lived electrical discharges
at the electrode surface is also observed and it is associated to
the localized electric breakdown of the growing oxide [1,5]. The
breakdown is a complex phenomenon that inﬂuences the oxide
properties. The anodic oxides obtained from valve metals have been
∗ Corresponding author.
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investigated since 50’s, at the time, for development of new mate-
rials for capacitors [6–8]. Several models have been proposed in the
literature in order to explain the electrolytic breakdown observed
during the growth of the anodic oxides from valve metals, such
as electron avalanche [9–11], mechanical breakdown [12,13] and
pit formation [13–16]. However, due its complexity, there is not
a generally accept complete mechanistic overview of the break-
down phenomenon in valve metal oxides. For this reason, studies
are still being done in order to understand the fundamental aspects
of breakdown [1,17,18].
In recent years, imaging techniques have been used to char-
acterize the microdischarges parameters during the anodization
of different metals such as Al, Ti, Mg  and Ta under DC and AC
regime [19–25]. Based on these studies, several mechanisms have
been proposed to explain the electric breakdown phenomenon and
the inﬂuence of the electrical microdischarges on morphology and
microstructure of anodic ﬁlms. Moreover, some authors suggest the
modiﬁcation of the morphology and microstructures properties of
the oxide ﬁlms by controlling the sparking during the process [22].
In order to investigate the relation between the growth of the oxide
and the microdischarges during AC PEO of aluminium in alkaline
http://dx.doi.org/10.1016/j.electacta.2014.03.052
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solution, Yerokhin et al. [19] used digital video imaging of the elec-
trode surface to obtain information as microdischarge size, density
and spatial distribution in different stages of the coating formation
process. The authors observed that microdischarge area monoton-
ically increased whereas spatial density gradually decreased with
the anodization time. In another study, Matykina et al. [20] also
used digital video imaging to investigate the microdischarges dur-
ing anodization of Ti in orthophosphate electrolyte and associate
it with the oxide ﬁlm morphology. They evaluated the size and
lifetime of the electrical discharges and the evolution of the gas bub-
bles. The authors suggested that the pores could partially originate
from extrusion of entrapped gas bubbles caused by high tempera-
ture and pressure of discharges events.
In spite of the rising number of papers dealing with the dis-
charges characterization, there is no detailed description of the
microdischarges behavior during the entire anodization of a sub-
strate under different experimental conditions. Most of the papers
studied the changes on discharge parameters under a unique
anodizing condition [19,20,23–25]. Few papers investigated other
experimental variables in their work [21,22]. Arrabal et al. [22]
included different Mg  alloys in their study and Moon et al.  [21]
expanded their investigation changing the electrolyte concentra-
tion and current density of DC PEO process of Al. It is important
to stress out that different experimental conditions can lead to
a lot breakdown situations than do different electrode composi-
tion [5]. This is a consequence of the breakdown voltage, which
is affected not only by the oxide ﬁlm properties but also by
the oxide/electrolyte interface properties. Empirical observations
reveals that the breakdown phenomenon depends on several
parameters, such as electrolyte composition [16,26–28], applied
current density [29–31] and electrolyte temperature [32]. Hence,
the use of different experimental conditions is important to the
comprehension of breakdown phenomena.
Considering the exposed above, the aim of this study was inves-
tigated the discharge evolution of DC PEO of zirconium in order
to correlate the changes in discharge parameters proﬁles with the
anodization curve, and observe the changes in the elementary pro-
cess of the breakdown phenomenon, which are strongly dependent
of the experimental conditions. Therefore, we used real-time imag-
ing and high-speed video analysis to study the discharges emission
during the anodization process. The changes in discharges param-
eters with the increase of the anodization time were monitored.
The real-time imaging was used to count the number of discharges
events on the electrode surface and calculate the average area. The
high-speed video analysis was used to estimate the discharge life-
time, using a multivariate image analysis technique. This study
was performed in phosphoric acid and oxalic acid solutions at
different current densities. Based on literature and own  previous
studies [5,33–37], the experimental conditions chosen were those
where the discharges events are intensiﬁed, such as DC regime,
acid media, moderate dilute electrolyte and low temperature. A
factorial design was used to analyze the effects of the experimental
conditions on the spatial parameters and lifetime of the discharges
events.
2. Experimental
2.1. Anodization of zirconium
The anodization experiments were carried out under galvanos-
tatic regime on a zirconium substrate in 120 mL  electrolyte solution
containing 0.05 mol  L−1 H3PO4 or 0.05 mol  L−1 H2C2O4. All solu-
tions were prepared with reverse osmosis puriﬁed water and
analytical-grade reagents. Table 1 depicts the experimental con-
ditions used to perform the experiments. The electrolytic cell
was maintained at constant temperature using a thermostatic
circulating bath (Cole-Parmer Polystat) and the electrolyte solu-
tion was stirred using a magnetic stirrer. Annealed zirconium (Zr)
foils (Alfa Aesar 99.8%, 0.25 mm thick) were cut in ﬂag shape pieces
with dimensions 1.0 × 1.0 cm and exposed area of 2 cm2. Prior to
the experiments, the working electrode was mechanically grinded
with #600 SiC and then with #1200 SiC sandpaper followed by vig-
orous washing with deionised water. Two  Pt sheets were used as
counter electrodes to obtain a homogeneous electric ﬁeld distri-
bution over the electrode surfaces. A homemade DC power supply
was used to perform the experiments. The voltage was  recorded
using an HP-Agilent model 3440A Digital Multimeter connected
to a computer by an in-house software routine developed using
HP-VEE® 5.0 software.
2.2. Image processing
The electrode surfaces were recorded during the experiments
using a Casio Exilim F1 video camera with a shutter speed of
1–1/2000 s. The precision of the measurements was limited by
the time resolution of video camera. A time resolution of 1.7 ms
(600 frames per second) was  used for a determination of the dis-
charge lifetime. Due to low image resolution of the camera in this
high-speed mode, a standard time resolution of 33 ms (30 frames
per second) was used for determination of the average area and
discharge population density (number of discharges per frame).
The open source package FFmpeg® (www.ffmpeg.org) was used
to extract the frames from the movies. Matlab® (Mathworks, USA)
and ImageJ® [38], a public domain Java image processing software,
were used to execute the image processing. The anodizations were
carried out for 1,800 seconds, therefore each video with a tempo-
ral resolution of 33 ms  generated around ∼54,000 frames, whereas
the videos recorded with a temporal resolution of 1.7 ms  gener-
ated around ∼1,080,000 frames. Due to the huge amount of data, a
routine to batch processing was developed. The average area and
discharge population density were calculated directly from analy-
sis of each image. On the other hand, the lifetime of the discharges
was determined by analyzing clusters of 10,000 images rearranged
in a two-way array after unfolding video data. Unfolding is usually
referred as ‘Reshaping’ in some software for multivariate image
analysis [39]. As can be seen in schematic representation in Fig. 1,
data video could be represented by a stack of K congruent images
with geometrical dimensions M x N (Fig. 1A) organized into a three-
way array (Fig. 1B). Unfolding consists in converting this three-way
array into a two-way array (Fig. 1C).
In this new two-way array, each original image is represented
by a single column matrix of the new rearranged image; therefore,
the number of columns is determined by the number of congru-
ent images analyzed. The y-axis of the rearranged image is deﬁned
as the product of the geometrical variables (M*N) of the original
images, whereas the x-axis represents the number of the frames (K).
Consequently, the analysis of the width of the discharge events in
the rearranged image allows evaluating the number of frames that
an individual discharge will last. Therefore, considering an interval
of 1.7 ms  between the frames, the lifetime of the discharges can be
estimated. Discharge lifetimes with low luminosity intensity and
with values smaller than 1.7 ms  might not be counted due to video
camera temporal resolution (600 frames/s).
2.3. Chemometric analysis
To investigate the effects of the experimental conditions (vari-
ables) on discharges parameters (responses), a factorial design
was used to plan the experiments. The advantages to use this
chemometric procedure are the reduction of the number of exper-
iments that are required for the analysis, and the quantiﬁcation
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Table  1
22 factorial design matrix combining all experimental variables with their values.
Variables Levels Exp. Current density Electrolyte composition Anodization time
(–) (+)
1 – – –
Current density (mA  cm−2) 10 20 2 + – –
Electrolyte composition (0.5 mol  L−1) H3PO4 H2C2O4 3 – + –
Anodization time (analysis per region) 1–5 6–10 4 + + –
5  – – +
6  + – +
7  – + +
8  + + +
of the effects of each variable on a speciﬁc response. Besides, this
approach also allows calculating the effects of the variables (main
effects) and their cross-effects, i.e., the interaction effects between
the variables. The interaction effects can be observed when the vari-
ables are dependent of each other, which is the general case in many
electrochemical systems. The calculated effects are determined by
a matrix calculation merging all variables at their different levels
(values). In this procedure, nk experiments must be accomplished,
where k is the number of variables, i.e. experimental parameters,
and n is the number of levels of each variable. A detailed descrip-
tion concerning the calculation procedure of the effects and their
standard error for a factorial design can be found in speciﬁc lit-
erature [40,41]. In this study, a 22 factorial design was used (2
variables and 2 levels), therefore four different experiments were
performed (22 = 4 experiments). In this study, the experimental
variables were the applied current density and electrolyte com-
position. Although, the variable ‘anodization time’ was included
was a third variable to perform statistical analysis. These experi-
mental conditions were chosen based on previous studies [34–37],
which demonstrated a signiﬁcant inﬂuence of these variables on
voltage proﬁles and, consequently, on the discharge parameters.
These variables were studied at two ﬁxed levels indicated by (−)
and (+) in the factorial design matrix depicted in Table 1. The dis-
charge parameters used as response were discharge population
density, i.e.,  the number of discharges per frame, average area and
lifetime. All the experiments were performed in duplicate and a 95%
conﬁdence interval was used to calculate the experimental error
associated with individual responses. A description of effects cal-
culations related to this factorial design is presented in Supporting
Information.
3. Results and discussion
In the anodization of zirconium in acid media, the breakdown
is observed during the anodic ﬁlm growth when the oxide thick-
ness reaches a critical value. Generally, this process is characterized
by the presence of electrical microdischarges over the electrode
surface, reduction of anodization rate (dE/dt) and appearance of
potential oscillations associated with localized destruction/rebuild
processes at the oxide ﬁlm [5,42]. Fig. 2 depicts the anodiza-
tion curves of zirconium obtained under galvanostatic regime at
10 mA  cm−2 and 20 mA cm−2 in phosphate and oxalate media at
5 ◦C. Note that the anodization proﬁles in Fig. 2 are characterized
by two well-deﬁned zones: (i) an initial increase of the voltage
and (ii) oscillations associated with the breakdown of the ZrO2
ﬁlms. The almost linear increase of the voltage up to approxi-
mately 300–350 V in the beginning of the anodization curves is
associated to the thickness enlargement of the barrier oxide [5].
In these early stages of the anodization, the main process control-
ling the ﬁlm growth is the ionic transport [5,34]. In a previous
work [36], samples produced under similar conditions revealed
a homogeneous and compact ﬁlm in micrographs of zirconium
oxides surfaces obtained before the breakdown, which is charac-
teristic of the barrier layer [36]. As the oxide grows, a deviation
of the linearity is observed due to the inﬂuence of electronic pro-
cess, such as electrons injected into the oxide by water oxidation
on oxide/electrolyte interface. The voltage continues to increase
until the onset of the breakdown where a strong slope change in
the anodization curve is observed. This process is characterized by
a series of simultaneous events as voltage oscillations, local oxide
crystallization and internal lattice stress increase [5]. Besides, pores
Fig. 1. Schematic representation of Unfolding method: a stack of K congruent images is initially converted into a three-way array of dimensions M x N x K and then is
reorganized into an elongated matrix with two-dimensions: M*N and K.
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Fig. 2. Anodization curves of zirconium at 5 ◦C obtained at: (A) 10 mA cm−2 in 0.5 mol  L−1 H3PO4, (B) 20 mA cm−2 in 0.5 mol  L−1 H3PO4, (C) 10 mA cm−2 in 0.5 mol  L−1 H2C2O4,
and  (D) 20 mA cm−2 in 0.5 mol  L−1 H2C2O4.
could be formed if the electrolyte is oxide-dissolving [5]. The volt-
age oscillations are associated to the local disruption of ZrO2 ﬁlm
following by rapid regrowth of oxide in the same site due to an
increase of the local current through the reduced resistance point.
For this reason, besides electronic current, dissolution processes
become important during these events [34,43].  Trivinho-Strixino
et al. [35,36] observed the presence of blisters and a low density
of holes distributed over the entire surface of ZrO2 ﬁlms anodizing
in H2C2O4 and H3PO4 electrolytes in samples obtained after the
breakdown. According to the authors [36], this can be associated
with the oxygen gas bubbles generated on the electrode surface
during the process and the dissolution process of the zirconium
oxide on discharge channels during the breakdown events. In addi-
tion, the oxides produced in H3PO4 solution presented more holes
than those produced in H2C2O4 [35], indicating that the ﬁlm ZrO2
can be more soluble in H3PO4 than H2C2O4.
Besides, the high temperatures of the electrical discharges and
the internal stress inside the oxide can lead to crystallization of
ZrO2 ﬁlms [30,36,37,44,45]. The high temperatures polymorphs of
zirconia, the tetragonal and/or cubic crystallographic phases were
observed by some authors [36,44] in the beginning of breakdown
of the anodic oxide under DC regime. However, in the absence of
dopants, the content of the monoclinic phase into the ﬁlm increase
with the anodization time [36].
Considering the applied current density, Fig. 2 shows that the
breakdown was reached faster in the experiments performed at
20 mA  cm−2 than those carried out at 10 mA  cm−2, since the slope
change in anodization curve was observed before 300 seconds. This
result indicated that the increment in current density increased
the anodization rate for both electrolytes. This means that for
samples obtained at the same anodization time, those pro-
duced at 10 mA  cm−2 require twice the time to reach the same
morphological and microstrutural condition of the material
anodized at 20 mA  cm−2.
Fig. 3 depicts the images of the electrode surface showing
the electrical discharges related to the anodization experiments
exhibited in Fig. 2. Note in the images the changes in luminosity
intensity, size, quantity and spatial distribution of electrical dis-
charges as the anodization time increases. In the literature [5,44],
the onset of breakdown is normally identiﬁed by the slope change
in the anodization rate, causing a decrease in ﬁlm growth efﬁ-
ciency. However, in this present study, previously to this point,
the image analysis revealed the presence of small sparks with low
illumination intensity blinking over the electrode surface under
some experimental conditions. This is the case of surface image
obtained at 150 seconds in Fig. 3B, which correspond to the data col-
lected during the anodization at 20 mA cm−2 in 0.5 mol L−1 H3PO4.
According to Di Quarto et al. [12] the slope change in the anodization
curve is associated with mechanical breakdown of the oxide ﬁlm
caused by the internal stress due to the increase of oxide thickness.
This process is inﬂuenced by anion incorporation, the anodization
rate and changes in transport number of the ionic species through
the material. After the mechanical breakdown, the growth process
continues until a second phenomenon, the electrical breakdown,
occurs. On the other hand, for moderate dilute solutions at high
current densities, the authors [12] afﬁrmed that the electric break-
down can occur before the mechanical one. This last proposition
could explain the formation of electric discharges before the slope
change in the anodization curves of zirconium in phosphate and
oxalate media as observed in the present study. As example, for the
experiment performed at 10 mA cm−2 in oxalate media (Fig. 3 C),
sparks with low intensity were observed starting at 550 seconds,
before the mechanic breakdown of the oxide ﬁlm (denoted by
slope change), which occurred in approximately 800 seconds of the
anodization curve exhibited in Fig. 2C.
The images in Fig. 3 also show that the number of discharges,
size and spatial distribution differed from phosphoric to oxalic acid
solutions. According to the avalanche model, initially proposed by
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Fig. 3. Images of electrical discharges on surface electrode during the experiments performed at (A) 10 mA  cm−2 in 0.5 mol L−1 H3PO4, (B) 20 mA cm−2 in 0.5 mol L−1 H3PO4,
(C)  10 mA  cm−2 in 0.5 mol  L−1 H2C2O4 and (D) 20 mA cm−2 in 0.5 mol  L−1 H2C2O4.
Ikonopisov [9], the electrons injected into the oxide are acceler-
ated and multiplied by avalanche under the high electric ﬁeld. If the
oxide thickness is large enough, the electronic current may  reach a
critical value producing a local heating and breakdown. This large
current promotes the electrical discharge. In addition to this model,
Albella et al. [11] proposed that the primary source of electrons are
the electrolyte species incorporated into the oxide. These species
behave as impurities centers and can be ionized by the high elec-
tric ﬁeld releasing electrons that can be accelerated producing an
avalanche by impact ionization mechanism. Different electrolytes
can supply electrons in different quantities; although, their source
is not entirely clear. For this reason, the discharge parameters such
as spatial distribution, quantity and size exhibited distinct behav-
iors in different electrolytes as observed comparing the discharges
images from phosphate and oxalate media in Fig. 3. Another impor-
tant aspect observed from surface image analysis (Fig. 3) is that
the discharge luminosity increases as potential increases in both
electrolytes, i. e. the intensity increased with the enlargement of
oxide layer. According to some authors [21], this behavior is asso-
ciated with the high resistance of the oxide ﬁlm caused by the ﬁlm
enlargement.
Figs. 4 and 5 depict the evolution of discharge population den-
sity, i.e.  the number of discharges per frame, and average area
during the experiments performed in H3PO4 and H2C2O4 elec-
trolytes, respectively, with a temporal resolution of 33 ms.  To
facilitate the analysis, the cronopotentiograms were divided in spe-
ciﬁc time intervals indicated by regions 1–11 in the top axis. Fig. 4
shows an oscillatory behavior of the discharges parameters for the
experiments performed in 0.5 mol  L−1 H3PO4 at current density of
10 mA  cm−2 (Fig. 4A) and 20 mA  cm−2 (Fig. 4B).
The results in Fig. 4 exhibited an abrupt increase of discharge
population density in the beginning of the anodization, followed by
a gradual decrease in both experimental conditions. The discharge
population density ranged from 1 to 32 cm−2, where the maxi-
mum  value was detected at 302 seconds, during the early stages
of the anodization at 10 mA cm−2 before the mechanical break-
down. After this point, the number of discharges decreased and
a slope change in the potential x time curve is also observed. Note
that the stabilization of this parameter occurs at the same point
where the potential reaches an almost constant value, at approxi-
mately 680 seconds. For the experiment performed at 20 mA  cm−2
(Fig. 4B), a similar behavior was  also observed. The maximum value
of discharge population density was 31 cm−2 and it was detected at
229 seconds. Analyzing the average area proﬁle, a gradual increase
of discharge size was observed as the anodization proceeds in both
experimental conditions. The largest discharges were obtained dur-
ing the growth of the ZrO2 ﬁlms at 20 mA cm−2. The average area
ranged from 0.1 to 1.2 mm2 at 10 mA  cm−2 and from 0.2 to 2.6 mm2
at 20 mA cm−2. These values were slightly larger than the dis-
charge size registered during galvanostatic anodization of Ta, Al
and Ti [20,23,46]. During anodization of tantalum in acid solu-
tion [23], real-time imaging investigation revealed the presence of
small microdischarges (< 0.1 mm2), medium-size microdischarges
(ranging from 0.1 mm2 to 0.2 mm2) and large microdischarges (>
0.2 mm2), which noticeable only at the ﬁnal part of the anodic
oxidation. According to Matykina et al. [20], during the anodic oxi-
dation of Ti in orthophosphate electrolyte, the discharges diameter
changed from 70–370 m.  In another study [46], describing the
anodization of Al in phosphate and silicate electrolytes containing
ZrO2 particles, the authors detected a discharge diameter ranging
from 100 to 600 m.
Fig. 5 presents the results of the image analysis for anodization
of the zirconium in oxalic acid electrolyte performed at 10 mA cm−2
(Fig. 5A) and 20 mA  cm−2 (Fig. 5B). At 10 mA cm−2, a value of
23 cm−2 was detected at t = 728 s. The number of discharges notably
increases for the experiment performed at 20 mA  cm−2 reaching
70 cm−2 at 262 seconds. At 20 mA cm−2, the maximum value of
discharge events was  detected in the early stages of breakdown
followed by a gradual reduction in discharge population density
after the slope change in potential vs. time curve, as those results
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Fig. 4. Anodization curve of zirconium in 0.5 mol  L−1 H3PO4 and T = 5 ◦C and the variation of discharge population density and average area during the experiments performed
at  (A) 10 mA  cm−2 and (B) 20 mA cm−2.
described in Fig. 4. Otherwise, such behavior is not clear in the
data of Fig. 5A, once the time where the maximum in the discharge
population density curve is ill deﬁned.
Analyzing the average area proﬁle is observed the presence of
two distinct behaviors in both experimental conditions. An increase
of the discharge size was veriﬁed in the beginning of electrical
breakdown followed by a decrease in its value, as can be seen in
regions 3 and 4 of anodization performed at 10 mA  cm−2 (Fig. 5A).
In region 5 the average area of electrical discharges gradually
increases as well the amplitude of the oscillations. The average
area in this condition ranged from 0.1 to 0.7 mm2. In the anodiza-
tion performed at 20 mA  cm−2 (Fig. 5B), this behavior was  also
observed. In regions 3 and 4 the amplitude of the average area
oscillations are signiﬁcantly smaller than the amplitude in the fol-
lowing regions 5–10. These distinct behaviors could be associated
to different discharge types; however, further spectroscopy stud-
ies should be made to investigate this proposition. In this case,
the discharge size ranged from 0.1 to 1.0 mm2 for the anodization
performed at 20 mA  cm−2. Comparing with the results obtained
in H3PO4 solution, the discharge population density in H2C2O4
solution was signiﬁcantly higher, mainly during the galvanostatic
anodization at 20 mA  cm−2. Conversely, the values of average area
were smaller than those obtained in phosphate media.
In order to estimate the lifetimes of discharges at the electrode
surface during the entire anodization of zirconium, the experiments
were recorded for 1,800 seconds using a video camera with a tem-
poral resolution of 1.7 ms  (600 frames per second). As described
previously in Experimental Section, the discharge lifetime was
determined by analysis of a cluster of images rearranged in a two-
way array. Considering the video as a stack of congruent images
measured at speciﬁc time intervals, an image sequence can be
represented in a four-way array, with four modes: width, length,
wavelength and time. Since the images were initially converted
into binary ones [47], the wavelength information is discarded,
remaining three-way arrays. Generally, to avoid the difﬁculties of
three-way array algebra and to facilitate the calculation is com-
mon  to perform the reduction to two-way array (matrix) using
an appropriate unfolding technique [39], exempliﬁed in schematic
representation in Fig. 1. In this method, one of the modes is deﬁned
as product of the geometrical variables (M*N), whereas the other
mode is the independent variable, i.e.  the time (K). In this study,
the unfolding was essential to evaluate the lifetime of the elec-
trical discharges, because a unique discharge can be last several
milliseconds, therefore its measurement is dependent of a group of
images. It is important to stress that this method consists only in
data reorganization and no information is lost.
Each video generated around 1,080,000 frames which were
divided in groups of 10,000 images (equivalent to 17.0 s) for anal-
ysis of the discharge lifetime. In the top axis of anodization curves
from Figs. 2, 4 and 5, each division represented by regions 1–11
corresponds to one group of 100,000 frames containing ten sub-
groups of 10,000 images obtained in the high-speed video. Besides
the estimate of the lifetime, this method allowed to observe the
spatial distribution and changes in the pattern discharges with
the anodization time, as can be seen in rearranged images in
Fig. 6 corresponding to anodization of zirconium at 20 mA  cm−2
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Fig. 5. Anodization curve of zirconium in 0.5 mol  L−1 H2C2O4 and T = 5 ◦C and the variation of discharge population density and average area during the experiments performed
at  (A) 10 mA cm−2 and (B) 20 mA cm−2.
Fig. 6. Rearranged images showing the evolution of discharges behavior during the anodization of zirconium at 20 mA cm−2 in 0.5 mol L−1 H3PO4. Each elongated image with
dimensions of 35,532 × 10,000 pixels correspond to a stack of 10,000 images of the electrode surface in an interval of 17 s (temporal resolution: 1.7 ms).
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in 0.5 mol  L−1 H3PO4. The vertical axis of the rearranged images
correspond to the product of the geometrical dimensions of the
electrode surface (x and y) plotted as a function of time (t) in the
horizontal axis. In this case, the 10,000 electrode images had geo-
metrical dimensions: 189 × 188 pixels, resulting in a rearranged
image with dimensions 35,532 × 10,000 pixels (189 × 188 = 35,532)
and exhibiting the discharge behavior in an interval of 17 seconds.
The length of the objects (discharges) in the elongated images cor-
responds to discharge lifetime, which was calculated considering
the relation 1 pixel = 1.7 ms.
Therefore, this ﬁgure presents the evolution of the electri-
cal discharge lifetime as function of anodization time during the
anodic growth of ZrO2 ﬁlms in phosphate media. Analyzing the
lifetimes, a continuous enlargement of the discharge width was
observed, showing the gradual increase of discharge lifetimes with
the increase of the anodization time. By analysis of spatial dis-
tribution and frequency, it was observed that the shorted-lived
discharges in regions 1 and 3 are uniformly distributed at space
and time, i.e. with a constant frequency. Note that the frequency
diminishes with the increase of the anodization time. In regions
8 and 10, the number of discharges decreased and the discharges
concentrated at some spots on the electrode surface. According to
some authors [21,48], the local oxide ﬁlm is a decisive parameter
for the current ﬂow since the discharges are generated through
weak sites in anodic oxide ﬁlm. For this reason, this process occurs
stochastically in the early stages of breakdown; however, the
enlargement of the oxide thickness decreases the number of these
sites, reducing the discharge population density. This proposition
could explain the discharge distribution in the electrode surface
in rearranged images of regions 1 and 3 and the concentration at
some spots in regions 8 and 10. The results obtained using the
different experimental conditions here investigated exhibited a
similar behavior considering the changes in frequency and life-
times.
Fig. 7 depicts the average lifetime calculated from rearranged
images for the experiments previously described. In phosphate
media, a gradual increase was detected in anodization performed
at 10 mA  cm−2, with lifetimes ranging from 1.7 to 9.2 ms.  At
20 mA  cm−2, there was no signiﬁcant increment in lifetime values
after region 6; however, the amplitude of the oscillation increased
after this region. In this experimental condition, the discharge life-
times ranged from 4.2 to 11.5 ms.  In oxalate media, an increase is
observed in the lifetime following by a stabilization around 4.5 ms
in the experiment performed at 10 mA  cm−2. At 20 mA  cm−2, the
stabilization was observed after 1,200 seconds, in approximately
4.6 ms.
The oscillatory behavior in discharge parameters can be asso-
ciated to the different types of discharges. During the breakdown
process, sparks are progressively turned to microarcs, which can be
observed by the enlargement of the average area, gradual increase
of the lifetime and reduction of discharge population density with
the anodization time. All these characteristics are observed in
images of electrode surface in Fig. 2 and discharges parameters in
Figs. 4, 5 and 7. Moon et al. [21] also observed the gradual increase
of the microdischarges size and the reduction in the number of
discharges events during anodization of aluminium in alkaline
solution and associated these changes to the high resistance of the
oxide caused by the ﬁlm enlargement. Yerokhin et al. [1] proposed
that the microarcs arise due to the thermal ionization process sup-
porting the mechanism of impact ionization. However, according
to the author [1], the thermal ionization is partially blocked by neg-
ative charge build-up into the oxide ﬁlm causing a discharge-decay
shortening. When the negative charge blocking effects ceases, the
microarc discharges incorporate into the substrate and transform
into arcs, which can cause destructive effects in the oxide ﬁlm. In
the present study, the generation of sparks and the transition to the
Table 2
Variable effects on discharges parameters estimated from factorial design results.
Estimative of variables effects on discharges
parameters
Discharge
Population
Density (cm−2)
Average
Area (mm2)
Lifetime
(ms)
Main Effects ± SD
(A) Current density 8 ± 2 0.5 ± 0.1 2.1 ± 0.3
(B)  Electrolyte composition 16 ± 2 −0.7 ± 0.1 −2.8 ± 0.3
(C)  Anodization time −2 ± 2 1.0 ± 0.1 11.1 ± 0.3
Interaction of two-factors ± SD
A  x B 9 ± 2 −0.5 ± 0.1 −0.6 ± 0.3
A  x C −11 ± 2 0.3 ± 0.1 −3.5 ± 0.3
B  x C 6 ± 2 −0.8 ± 0.1 −3.9 ± 0.3
Interaction of three-factors ± SD
A x B x C −5 ± 2 −0.3 ± 0.1 1.2 ± 0.3
microarc regime were observed, since it was  detected the simulta-
neously presence of sparks and microarcs. The arc regime was  not
reach in experimental conditions used in this study.
After the qualitative and quantitative analyse described above, it
is important also to investigate the effect of the experimental vari-
ables used to perform the anodizations (Table 1) on the different
responses present in Figs. 4, 5 and 7. In order to evaluate how the
discharge population density, average area and lifetimes are inﬂu-
enced by the experimental conditions, a factorial design was  used
to calculate the effects of current density and electrolyte composi-
tion on the discharge parameters. In this study, a 23 factorial design
with three variables studied at two  levels was carried out. As can
be seen in Table 1, the variables were: current density, electrolyte
composition and anodization time. The low and high levels of cur-
rent density were 10 and 20 mA  cm−2, respectively. The low level
chosen for electrolyte composition was 0.5 mol  L−1 H3PO4, whereas
the high level chosen was the 0.5 mol  L−1 H2C2O4. The last variable,
anodization time, was  studied at two levels, where the regions 1–5
were chosen as low level, whereas regions 6–10 were chosen as
high levels. The region 11 was  excluded from the discussion of fac-
torial design since covers a smaller number of frames compared to
the other regions [41]. It is important to stress out that the choice
to split the anodization in only two different region (1–5 and 6–10)
preserves the main phenomena changes observed in these exper-
iments. A detailed description of this chemometric procedure and
the variables effects evaluation can be found in elsewhere [40,41].
Generally, using this approach, all the experimental conditions
were combined and the responses analyzed, allowing the quan-
tiﬁcation of effects on discharge parameters when the variables
changed from low to high level. In other words, an effect repre-
sents the change in the response when the variable is altered from
its low level (-) to its high level (+). In this case, a 23 factorial design
resulted in a total of 8 experiments, which were performed in dupli-
cate. From the results of image analysis showed in Figs. 4, 5 and 7,
the mean values of discharge population density, average area and
lifetime per region were calculated and used as response of the fac-
torial design. Further information about the implementation of this
procedure can be found in Supporting Information.
The factorial design results are shown in Table 2. This table
describes the main effects of the variables current density,
electrolyte composition and anodization time on the discharge
parameters: population density, average area and lifetime. Ana-
lyzing the main effects of the variables on discharge population
density, the most important variables that inﬂuenced this parame-
ter were current density and electrolyte composition. An increase
of 16 ± 2 cm−2 in the number of discharges was  observed when the
electrolyte was  changed from phosphoric acid to oxalic acid solu-
tion. On the other hand, the increment of 10 mA cm−2 in the current
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Fig. 7. The evolution of discharges lifetimes during the experiments performed at 10 mA  cm−2 and 20 mA  cm−2 in phosphoric and oxalic solutions at 5 ◦C.
density promoted an increase of 8 ± 2 discharges per frame. The
anodization time on discharge population density revealed a non
signiﬁcant result of -2 ± 2 cm−2 when the anodization advanced
from regions 1–5 to 6–10. Comparing the calculated effect with
the discharge population density proﬁles in Figs. 4 and 5, it was
observed that the reduction promoted by the anodization time
is negligible, comparing the two subgroups described above. Of
course, in the beginning of the experiments, there are important
changes which were not detected by the approach used here.
The most important cross-effects that affected the response
were the interaction effect between current density and elec-
trolyte (AxB interaction effect) and between current density and
anodization time (AxC interaction effect). The values of 9 ± 2 cm−2
for the interaction of current density and electrolyte indicated a
strong dependency between these variables and revealed that the
response can change signiﬁcantly if these variables are modiﬁed
concomitantly from the low to the high level. The interaction effect
of current density and the anodization time was  also negative,
indicating a decrease of 11 ± 2 cm−2 when these both variables
are simultaneously changed. The results also show a signiﬁcant,
although smaller cross-effects between the electrolyte composi-
tion and anodization time (BxC interaction effect) and between the
three variables (AxBxC interaction effect), suggesting a dependency
between them. These results show that the effects of these variables
are not independent and the synergetic effect of these variables that
must be considering during the investigation of breakdown phe-
nomena. Indeed, it is described in the literature, this phenomenon
is very complex and this result is a consequence of such complexity.
Considering the main variables effects on the average area of the
electrical discharges, the results revealed that the electrolyte com-
position and anodization time were the most important parameters
that affected this response. An enlargement of 1.0 ± 0.1 mm2 was
observed in the average area when the anodization advanced from
region 1–5 to the region 6–10. On the other hand, the average area
decreased 0.7 ± 0.1 mm2 when the electrolyte composition was
modiﬁed from phosphate to oxalate media. The smaller effect of
current density revealed an enlargement around 0.5 ± 0.1 mm2 as
current density was changed from 10 to 20 mA cm−2. The interac-
tion effect between electrolyte composition and anodization time
present the highest value, a reduction of the 0.8 ± 0.1 mm2 in
average area was  observed when these both variables were con-
comitantly altered from the lower level to the upper level.
By analysis of main effects of the variables on discharge lifetime,
the results showed that the anodization time was the main factor
inﬂuencing this response. An increase of 11.1 ± 0.3 ms  was  veri-
ﬁed when the experiment advanced from regions 1–5 to 6–10. The
interaction effects involving this variable and the others were also
signiﬁcant, the values -3.5 ± 0.3 ms  and -3.9 ± 0.3 ms  for the AxC
and BxC interations were found, indicating a reduction in discharge
lifetimes if the anodization time was  changed simultaneously with
current density or electrolyte composition. It is means that the
anodization time strongly affected the lifetime as the anodization
proceeded, however if the current density or electrolyte compo-
sition was  also modiﬁed simultaneously from one experiment to
another, the effect of anodization time could be smaller.
Changes in current density led to modiﬁcation in the processes
during the anodization, mainly in transport number of the ionic
species in solution. During zirconium oxide growth, the cationic
transport number is usually small (<0.05) [49], therefore the ﬁlm
predominately grows in metal/oxide interface. The increment of
current density increases the transport of cations and, as a con-
sequence, the ﬁlm also can grow in oxide/electrolyte interface,
leading to enlargement of the oxide layer and high potentials val-
ues in breakdown region. Under these conditions, a large electric
ﬁeld is needed to overcome the oxide thickness. As consequence,
this is a possible explanation for the fact that the discharge size
increased with anodization time as well as also with the increase
of current density, as observed in the experiments carried out in
phosphoric acid solution. In oxalate media, this effect is not so
evident. In fact, besides the anions incorporation, which occurs in
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phosphate media, the electrolyte has an important effect on the
breakdown process if the electrolyte is oxide-dissolving such as
oxalate one. The data showed that the number of discharges was
signiﬁcantly high in oxalic acid solution in comparison with the
experiments performed in phosphate electrolyte. This result indi-
cates that the number of weak sites in anodic oxide ﬁlm grew in
oxalate media was higher than in phosphate solution. Conversely,
the average area presented smaller values in oxalate than phos-
phate media, which indicate that the anion incorporation in H3PO4
solution was more effective, enhancing the electric breakdown of
the ZrO2 ﬁlm and leading to large discharges. Moreover, the high
temperatures of the channels discharges can lead to the decomposi-
tion of oxalate ions, which are instable in temperature up to 700 ◦C
[37,50]. Santos et al. [37] observed the absence of carbon in ZrO2
doped ﬁlms prepared in oxalic acid solution containing oxalonio-
bate ions as dopant and attributed to the thermal decomposition of
oxalate ions due to the high temperature of the sparks discharges.
The anodization time presented a signiﬁcant effect on discharge
lifetime, mainly in those experiments performed in H3PO4 elec-
trolyte. In these cases, since the dissolution process presented a
smaller effect, the anodization rate (dE/dt) increased and, as a
result, the oxide thickness could reach larger values than the ﬁlms
prepared in H2C2O4 electrolyte. The size and lifetime of electri-
cal discharges increased with the anodization time probably due to
high resistance of the oxide ﬁlm. On the other hand, the anodization
rate in the experiments carried out in oxalate media was smaller,
then the enlargement of the oxide layer with the anodization time
was probably less important, resulting in a mild shifted of sizes and
discharge lifetimes.
The image analysis of the electrode surface during the entire
anodization of zirconium in phosphate and oxalate media allowed
monitoring of the evolution of the discharge behavior and cor-
related to the anodization curves. The results of the factorial
design showed that current density, electrolyte composition and
anodization time are important factors that inﬂuence the discharge
parameters in different magnitudes. The current density and elec-
trolyte composition inﬂuenced the discharges density. On the other
hand, the electrolyte composition and anodization time inﬂuenced
the average area and discharges lifetimes. The interaction effects
between the variables were also signiﬁcant and revealed a depen-
dency between the variables in experimental conditions studied
in this factorial design and demonstrated the complexity of the
breakdown phenomena.
4. Conclusions
The coupling of imaging analysis and the electrochemical exper-
iments were very useful to characterize the sparks observed over
the oxide surface during zirconium anodization allowing the detec-
tion and quantiﬁcation of their space distribution, frequency and
sizes.
Important changes were observed in all the sparks parameters
(population density, average area and lifetime) as function of exper-
imental variables, such as electrolyte composition and applied
current density as well as the anodization time. It was necessary
to use different time resolution per frame (33 ms  and 1.7 ms)  to
capture all the features of the events. It is also important to stress
out that the ﬁrst spark were observed before the mechanical break-
down in the investigated conditions.
In phosphate media, average size and lifetime of the discharges
increased as the potential increased, whereas the discharge popula-
tion density exhibited an increased in the beginning of the electric
breakdown, followed by a gradual reduction. The discharge size
ranged between 0.1–2.6 mm2 with lifetime between 1.7–11.5 ms.
A maximum of 32 cm−2 was detected at early stages of breakdown.
In oxalate media, the size and lifetime values were smaller, ranging
between 0.1–1.0 mm2 and 1.7–4.6 ms,  respectively. However, the
number of discharges was higher and a maximum value of 70 cm−2
was detected. During breakdown process, sparks discharges are
progressively turned to micro-arcs, which can be seen by enlarge-
ment of discharge area, gradual increase of lifetime and reduction of
discharge population density with the increase of the anodization
time.
Finally, the use of factorial design, a chemometric technique,
allowed the effect quantiﬁcation of the different variables inves-
tigated. The analysis shown that the main effects as well as the
interaction ones are signiﬁcant, in most of the conditions, indicating
the complexity of the reactions here investigated.
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